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Abstract 

A process chain for a magnetoelectric device based on porous InP will be presented using only chemical, 
electrochemical, photoelectrochemical, photochemical treatments and the galvanic deposition of metals in 
high-aspect-ratio structures. All relevant process steps starting with the formation of a self-ordered array of 
current-line oriented pores followed by the membrane fabrication and a post-etching step, as well as the galvanic 
metal filling of membrane structures are presented and discussed. The resistivity of a porous InP structure could be 
drastically increased and, thus, the piezoelectric performance of the porous InP structure. The developed galvanic Ni 
filling process is capable to homogeneously fill high aspect-ratio membranes. 
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Background 

The aim of this work is to develop small and cheap mag- 
netoelectric sensors that are capable to sense biomagnetic 
signals in the range of pico tesla with a high sensitivity. In 
principle, this can be achieved with multiferroic materials, 
such as Cr203 [1], that show magnetoelectric behavior. 
The drawbacks of these materials are their small effect 
magnitude and a Curie temperature far below room tem- 
perature [1]. Magnetoelectric composites overcome these 
problems and are very promising candidates for biomag- 
netic sensing applications. Magnetoelectric composites 
consist of a piezoelectric and magnetostrictive component 
in various geometrical arrangements. 

In this paper, a production chain for such a device will 
be presented using only chemical, electrochemical, pho- 
toelectrochemical, and photochemical etching of InP and 
galvanic deposition of metals. A 1-3 composite geom- 
etry is chosen because it allows for very high contact 
areas between the piezoelectric InP matrix (3-D) and the 
magnetostrictive wires (1-D). This is another prerequi- 
site for a good magnetoelectric sensor performance. InP 
as a III-V compound semiconductor belongs to the cubic 
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43m crystal structure and, thus, in principle allows for 
strong piezoelectric behavior. Due to its cubic crystal 
structure, the only non-vanishing piezoelectric coefficient 
is the di4 coefficient. Unfortunately, no intrinsic, i.e. insu- 
lating, InP can be produced, and thus, any piezoelectric 
voltage is short circuited by free charges inherent in the 
material. This problem has been overcome by etching an 
almost hexagonally close-packed array of current-line ori- 
ented pores (curro-pores) in <100> oriented InP wafers, 
leaving a porous structure with completely overlapping 
space charge regions (SCR), at least after further chem- 
ical etching. This allowed for increasing the piezoelec- 
tric response by a factor of 30 in comparison to bulk 
InP [2,3]. Galvanic filling of the pores with a magne- 
tostrictive metal - such as Ni - allows for filling of high 
aspect-ratio geometries. This enables the use of a sev- 
eral hundred microns thick piezoelectric layer, resulting 
in a higher magnetoelectric voltage coefficient. Galvanic 
filling of a membrane structure is much simpler than gal- 
vanic pore filling and a well established technique [4-6]. 
From basic principles, it is clear that it is not possi- 
ble to etch curro-pores through the complete InP wafer. 
Thus, the bulk back-side of the InP pore array is opened 
photoelectrochemically/photochemically after the curro- 
pore formation. The individual steps of the sensor device 
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production will be discussed as well as some first results 
of the piezoelectric and electric properties. 

Methods 

In this work, single-crystalline (100) InP wafers, doped 
with S at a doping concentration of 1.1 x 10^^ cm"^ and 
a resistivity of 0.019 ^2 cm are used. The InP wafers are 
double-side polished and epi-ready. Two different wafer 
thicknesses were used, 400 and 500 |im. The curro-pores 
were etched in an electrochemical double cell with a 6 
wt.% aqueous HQ electrolyte at 20 °C [7,8] . To achieve a 
homogenous pore nucleation, a voltage pulse was applied 
followed by a constant anodic potential. 

In the second step, the membrane was produced by gal- 
vanostatic etching of crystallographically oriented pores 
(crysto-pores) in the wafer back-side until the previously 
etched curro-pore array is reached. During formation, 
this mesoporous layer was simultaneously dissolved pho- 
tochemically by high power blue illumination. To avoid 
underetching and to have a good selectivity between the 
curro-pore array and the bulk back-side, blue light assisted 
photoelectrochemical etching is used. The etching was 
carried out in the same electrochemical double cell so 
that a misalignment due to a cell change is avoided. The 
etching is done in the same HCl-containing electrolyte at 
20 °C. The high power blue illumination is provided by 
an Enfis UNO Tag LED array (ENEIS LIMITED, Swansea, 
UK) with a mean wavelength of 470 nm. To control the 
whole membrane etching process, the voltage was mon- 
itored and the Fast Fourier Transform impedance spec- 
troscopy data were recorded, which will not be discussed 
in this paper. 

The third process step is the post-etching of the InP 
membrane. This step is necessary because the width of 
the SCR is much larger during the anodic pore formation 
than at open-circuit conditions [9]. Thus, only anodic pore 
etching does not result in a porous InP layer with com- 
pletely overlapping SCR. Therefore, the InP membrane is 
post-etched in an HE : HNO3 : EtOH : HAc containing 
electrolyte under a cathodic potential for 48 h at 20 °C. 
The electrolyte was optimized to show isotropic etching 
behavior - especially along the full length of the high 
aspect-ratio pores - and to be self-limiting at the SCR sur- 
rounding each pore. A cathodic potential was chosen to 
artificially shrink the SCR around each pore and to expose 
more area unguarded by the SCR to the electrolyte for 
dissolution. As the post-etching electrolyte is self-limiting 
at the SCR, a strongly improved overlapping of the SCR 
is obtained under open-circuit conditions. The electrolyte 
is pumped through the complete membrane to ensure 
homogenous etching over the whole membrane thickness. 

In the fourth step, the post-etched membrane shall be 
galvanically filled with a magnetostrictive material. To 
prevent possible leakage currents between piezoelectric 



matrix and magnetostrictive filler, a thin dielectric inter- 
layer consisting of AI2O3 has to be deposited by atomic 
layer deposition (ALD). Therefore, the galvanic filling pro- 
cess is developed in an anodically oxidized aluminum 
(AAO) membrane that is commercially available at What- 
man GmbH (Dassel, Germany), with a nominal pore size 
of 200 nm, which is similar to the average pore size 
obtained in the here presented InP membranes. A plat- 
ing base consisting of 25 nm of Ti and 450 nm of Au 
was sputtered on the back-side of the membrane. The 
AAO membranes are galvanically filled in a single cell. 
The working electrode is a Pt sheet, on which the back- 
side of the membrane is mounted with InGa providing a 
good electrical contact. A Watt s type based Ni electrolyte 
adjusted to a pH value of 2 by H2SO4 has been used. The 
electrolyte temperature was held constant at 35 °C. The 
galvanic deposition was carried out under galvanostatic 
conditions at a current density of 17 mA/cm"^. 

The etched and galvanically filled nanostructures were 
investigated using a HELIOS D477 SEM (FEI Co., Hills- 
boro, OR, USA). The piezoelectric properties of the InP 
nanostructures were characterized by a double beam laser 
interferometer from aixACCT Systems GmbH (Aachen, 
Germany) and the electric properties by a four-point mea- 
surement with an Elypor-01 from ET&TE GmbH (Kiel, 
Germany). 

Results and Discussion 

The anodic pore formation is optimized to be self- 
organized with an almost perfectly hexagonally close 
packed structure as shown in Figure la. The pore walls 
have a mean thickness of around 190 nm. The typical 
aspect-ratio of the pores is between 3,000 and 3,700 after 
electrochemical pore formation. The pore shape is trape- 
zoidal, as depicted in Figure la. As illustrated in Figure lb, 
the curro-pores grow straight in <100> direction. 

Figure 2a-d shows that the previously etched curro- 
pore array can be opened by photoelectrochemical/ 
photochemical etching. This membrane fabrication pro- 
cess has several advantages. Firstly, the resulting mem- 
brane has a great surface homogeneity, as illustrated in 
Figure 2a and b. The second advantage is that no under- 
etching near the O-ring occurs, as depicted in Figure 2d. 
The underetching is prevented by choosing photochem- 
ical dissolution of the mesoporous layer with blue light. 
Blue light is used, because it is absorbed very surface 
near and, thus, surface near dissolution of the meso- 
porous layer is highly enhanced compared to isotropic 
dissolution. The third big advantage is that the membrane 
thickness is freely adjustable from nearly wafer thickness 
(up to almost 500 \im) to less than 100 (im. This allows 
the aspect-ratio of the pore structures to be smaller than 
1,000, which is especially important for a homogenous 
coating of pore walls with an AI2O3 interlayer by ALD 
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as discussed later. The free adjustability of the membrane 
thickness is a direct consequence of the great surface 
homogeneity and the absence of underetching phenom- 
ena. Fourthly, the membrane fabrication process is semi 
self-limiting as the dissolution rate drastically decreases 
as soon as the curro-pore array is reached. The pore 
openings at the membrane back-side can be modified 
from cone-like to straight by adjusting the photocurrent 
due to the applied illumination. A small photocurrent, 
e.g., results into cone-like pore openings, as depicted in 
Figure 2b. 

The pore structure after 48 h of post-etching is shown 
in Figure 3a and b. Compared to the only electrochemi- 
cally etched pores, the cathodically post-etched pores are 
now rectangular with 90° angles and completely straight 



and nearly equi-distant pore walls. The mean pore wall 
width decreased from around 190 nm for the only elec- 
trochemically etched samples down to around 80 nm 
after 48 h of cathodic post-etching. The post-etching is 
homogenous over the complete pore length. This can 
be seen when comparing the cross-sectional view of the 
pore structure before post-etching (Figure lb) and after 
post-etching (Figure 3b). The electrical characterization 
of the cathodically post-etched sample exhibits a com- 
pletely ohmic behavior and an increase in the resistivity 
to 57 Q cm. Compared to the bulk InP resistivity of 0.019 
Q cm, this is an increase by a factor of 3,000. The piezo- 
electric properties of the porous InP sample have been 
investigated using a double beam laser interferometer. A 
linear dependence between the applied voltage and the 




Figure 2 SEM images of the membrane bacl<-side. (a) Top-view and (b) highly magnified top-view. Optical microscopy images of the membrane 
in cross-section (c) in the center of the membrane, and (d) near the 0-ring. 
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Figure 3 SEM images of the membrane structure after 48 h of post-etchiing under cathiodic bias, (a) Top view and (b) cross-sectional view in 
tine middle of the membrane. 



measured displacement is found - as expected for piezo- 
electric, but not for ferroelectric materials. The du com- 
ponent is measured to be around |60| pm/V, which is in 
the same order of magnitude as sputtered PZT thin films 
[10] and by a factor of 30 larger compared to bulk InP [2,3]. 
By luck, the maximum magnitude of the piezoelectric 
effect is in the <100> direction, which is exactly the opti- 
mal growth direction of the curro-pores in (100) oriented 
InP wafers. 

For the magnetoelectric composite device, the gal- 
vanic filling with a magnetostrictive metal, such as Ni, 
is needed. The post-etched InP membranes can be (and 



already have been) coated with a thin AI2O3 interlayer by 
ALD to prevent ohmic contacts between the piezoelectric 
and magnetostrictive component. Therefore, the galvanic 
deposition process of Ni can be developed and opti- 
mized in AAO membranes with similar pore dimensions 
because they are cheap and commercially easily available. 
Afterwards, this Ni deposition process is most proba- 
bly directly applicable to AI2O3 coated InP membranes, 
because the interface electrolyte/ AI2O3 is identical, and 
the pore dimensions are similar. The ALD deposition pro- 
cess of AI2O3 is capable to coat membrane structures with 
an aspect-ratio larger than 1,500. 




Figure 4 SEM images of AAO membranes witli Ni. (a) Bottom part of the membrane including the plating base, (b) middle part, and (c) top of 

the membrane including overfilled Ni layer. 
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Figure 4a shows the bottom part of a AAO membrane 
completely filled with Ni. One can see that the Ti/Au 
plating base adheres very well to the membrane. The Ni 
nanowires directly start growing from the plating base. 
The nanowires are solid and do not show any voids on 
optical inspection. Some of the Ni nanowires are bro- 
ken or missing due to the sample cleavage. In Figure 4b, 
the middle part of the filled membrane is shown. The 
nanowires are still solid without any voids. They tend to be 
easily mechanically deformable, as indicated in Figure 4b 
by the twisty Ni nanowire in the middle of the picture. 
In order to show the possibility of filling the membrane 
completely with Ni, the membrane is overfilled resulting 
in an approximately 7 [im thick closed Ni film on top of 
the membrane surface. This layer is not caused by single 
Ni nanowires reaching the top surface faster than others, 
starting the formation of a solid Ni layer at the surface. It 
rather seems that all nanowires reach the surface at the 
same time because there are no empty pores visible, as 
shown in Figure 4c. The Ni nanowires remain solid even 
at the surface and do not exhibit any voids, as already seen 
in the previous parts of the membrane. 

Conclusion 

A self-ordered membrane structure in InP with strong 
piezoelectric behavior has been fabricated using only 
chemical, electrochemical, photoelectrochemical, and 
photochemical treatments. By cathodic post-etching of 
this pore structure, the resistivity could be drastically 
increased by a factor of 3,000 allowing for a strong piezo- 
electric effect being 30 times larger than for bulk InP. 
A photoelectrochemical/photochemical process for fabri- 
cating InP membranes with a freely adjustable thickness 
and high surface homogeneity is presented. The galvanic 
Ni filling process, which has been presented in this work, 
will be transferred to AI2O3 coated InP membranes, and 
after galvanic Ni filling, the device is expected to show a 
good magnetoelectric performance. 
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